Dynamic compression promotes proliferation and neovascular networks of endothelial progenitor cells in demineralized bone matrix scaffold seed.
BONE FRACTURES CAUSE MANY different inconveniences, including pain, limited physical activity, and temperature or permanent functional disturbances in patients. Millions of people worldwide are treated for the fracture each year, and the treatment of 5-20% of patients is delayed (21, 29) . Fracture healing is a chronic and complex process, involving several biological and dynamic events, including disruption of the blood supply, hematoma formation, and local hypoxia and inflammation (8, 15, 22) . Therefore, in recent years, many studies on both the microscopic scale and the macroscopic scale have focused on treatments to promote fracture healing.
Neovascularization is required for bone formation and successful fracture healing. Asahara et al. (2) first introduced the concept of endothelial progenitor cells (EPCs). Following studies then showed that parts of new vessels are formed at the injured sites of bone marrow-derived EPCs (1, 3, 11, 24, 26, 38) . Clinical studies have indicated that soft tissue injury and its subsequently diminished blood supply are associated with delayed fracture healing (5, 6, 16) . Moreover, systemic factors associated with neovascularization also affect bone regeneration (5, 18, 31, 32) . However, the details concerning the mechanisms of neovascularization and increased blood flow during fracture healing are still unknown.
The mechanical environment has an important influence on fracture healing (12) . Specifically, intermittent compression can accelerate fracture healing and lead to earlier and more advanced callus formation (9, 13) . Many experimental in vivo and in vitro studies have shown that appropriate pressure can influence the process of fracture healing. Compression stress has been found to be involved in shear stress, vertical compression, the magnetic field, hypersound wave, and so on (7, 17) . Among these studies, compression was found to accelerate fracture healing by influencing callus formation, stimulating vasoformation, and provoking all kinds of growth factors and angiogenic factors.
The crucial roles of numerous cytokines, angiogenic factors, and morphogens in fracture healing have recently been described (13, 14) . Among many factors, EPCs play a crucial role in the process of successful fracture healing (20, 28, 36, 37) . The proliferation and differentiation of EPCs have been confirmed in response to shear stress (35) . Moreover, appropriate mechanical loading is also important for fracture healing (8, 10) . In addition, mechanical stability and sufficient blood supply to the fracture region are the two main requirements for fracture healing (23) .
We assumed that there would be some potential relationships between dynamic mechanical loading and vascularization or angiogenesis. It has been shown that shear stress can accelerate vascularization and angiogenesis (20) . The aim of our study was to test and verify whether or not dynamic compressive stress influences proliferation, differentiation, and tube formation of EPCs on the scaffolds. We chose to load porous scaffolds under compression using the commercially available "Orthopaedic BioDynamic Chamber" from the Bose Electro force systems group, in which samples can be subjected to dynamic tension or compression, as with a standard mechanical testing machine, but the sample is retained in a sterile fluid-filled environment, such as in a bioreactor culture. The present results showed that dynamic compression promoted the vasculogenic activities of EPCs seeded in the scaffolds, which would benefit large bone defect tissue engineering. This could provide a useful model for understanding how mechanical forces influence vascularization or angiogenesis in vivo and in tissue-engineered bone.
MATERIALS AND METHODS

Animals.
Wistar rats (weight 200 -220 g) were used, and all of the animal procedures were conducted with approval by the Experimental Animal Ethics Committee of China Medical University. All of the animals in this study were provided by the Laboratory Animal Care Committee of China Medical University.
Isolation and culture of EPCs. Femur and tibia bone marrow from rats were flushed. The wash-out solution was centrifuged using Ficoll density-gradient centrifugation to isolate the EPCs from the buffy layer, and then they were suspended in endothelial basal medium-2 (EBM-2; Cambrex) containing 5% FBS, vascular endothelial growth factor (VEGF), fibroblast growth factor-2, epidermal growth factor, insulin-like growth factor-I, ascorbic acid, and penicillin and streptomycin (Invitrogen) and plated on 10-ml fibronectin-coated plates. The cells were grown at 37°C in 95% humidified air-5% CO 2. After 2 days of culture, nonadherent cells were harvested with PBS, and fresh medium was applied. Adherent EPCs were detected 5-7 days after seeding, split by brief trypsinization using 0.5% trypsin/0.2% EDTA (Hyclone), and dispersed. The cells were continually cultured for 7-10 days. The cultured cells were initially characterized under phase-contrast microscopy for a morphological assessment of the attached cells.
Immunohistochemistry. After being cultured for two to three passages, the cells were trypsinized, seeded, and cultured on slides in six-chamber plates for 2-3 days. Expression of CD34 or Flk-1(vascular endothelial growth factor receptor 2; VEGFR2) was detected by immunofluorescence. The cells were fixed in 4% paraformaldehyde for 10 min at 4°C, and endogenous peroxidase inactivation immunostaining was completed. After being washed three times with PBS, the slides were incubated with rabbit anti-rat CD34 (1:50; Santa Cruz Biotechnology) or rabbit anti-rat Flk-1(1:50; Santa Cruz Biotechnology) for 1 h at room temperature. Negative control slides were incubated without the antibodies. Appropriate secondary antibody reactions were performed using a kit (Santa Cruz Biotechnology). The cells were observed under a fluorescence microscope (Nikon, Tokyo, Japan).
Flow cytometric quantification of EPCs based on surface markers. To identify the population of EPCs following two to three passages of cell culture, the cells were trypsinized, washed two times with PBS, and immunostained for 30 min on ice with monoclonal antibodies against the primary antibodies CD34 (Santa Cruz Biotechnology) and Flk-1 (Santa Cruz Biotechnology). Flow cytometric analyses were performed using a fluorescence-activated cell sorter (BD FACS Calibur).
The expression of endothelial cell (EC)-specific marker proteins was measured by using a FACS flow cytometer, for example, Flk-1 (Santa Cruz Biotechnology) or von Willebrand homology (vWF) (Abcam). After 3, 5, or 7 days of culture, the cells were harvested from scaffolds with or without exposure to dynamic compression and assayed on days 4, 6, or 8. Scaffolds were homogenized using a syringe in a trypsin solution (Hyclone). The cells were centrifuged at 1,000 rpm for 5 min, washed with PBS, and filtered with a 40-m pore size filter. The cells were then washed once more, resuspended in PBS, and analyzed by flow cytometry as described in previously reported studies (35) . Propidium iodide staining (1 g/ml; Molecular Probes) was performed to exclude dead cells from the analysis. Expression of each antigen was expressed as the mean channel fluorescence. Values are means Ϯ SD of 3 separate samples. Similar results were obtained in three separate experiments.
Preparation of demineralized bone matrix chips. Pig bones were stripped of their attached soft tissues and cut into 10 ϫ 7 ϫ 5-mm chips and placed in 0.6 N HCl at room temperature for 4 -6 h for decalcification. The completion of decalcification was judged by the softness of the texture of the matrix and the fact that the explants floated on the surface of the solution when demineralization was almost complete. The demineralized bone matrix (DBM) thus obtained was thoroughly washed with sterile distilled water. The prepared bone chips were kept in 70 -90% ethanol at 2°C for 48 h.
Cell seeding on scaffolds and the dynamic compression of cellseeded scaffolds. The cells were cultured on the DBM scaffolds at a density of 2 ϫ 10 7 cells/ml and cultured in EBM-2 in a six-well chamber slider for 3 days before dynamic compression. Before being subjected to dynamic compression, the complexes were randomly divided into the experiment group and the control group.
Cell/scaffold constructs to be loaded were then removed from the plates and placed in the chamber between the two plates in a compression bioreactor (BioDynamic ELF5110; Bose) ( Fig. 1) . The chamber was filled with 200 ml culture medium (EBM-2). The cell/scaffold constructs were subjected to sinusoidal dynamic compression with a protocol of 5% strain (displacement of Ϫ0.5 mm) at a frequency of 1 Hz (32). We chose 40-min cycles consisting of 20 min of compression and followed by 20 min of free-swelling culture. Each 40-min cycle was applied six times. Dynamic compression was applied to the EPCs with 4 h of loading/day for 7 days. During loading, a paired nonloaded control was kept in sterile media-filled six-well plates in the same volume of loading media and under the same environmental conditions as the loaded sample.
Morphological analysis by scanning electron microscopy/CM-DIL staining. Each cell/scaffold construct after 3, 5, or 7 days culture was fixed in 10% neutral buffered formalin. For histological analysis, the cell/scaffold constructs were dehydrated in a graded ethanol series and embedded in paraffin. Next, 5-m sections were cut and deparaffinized and rehydrated before staining. The sections were then stained with CM-DIL (Invitrogen) to detect tube formation. After staining, the number of instances of tube formation was counted in five random images at ϫ200 magnification by light microscopy. Next, the number of instances of tube formation was averaged from three parallel experiments. Seven days after culture with or without exposure to dynamic compression, each scaffold was fixed in 2% glutaraldehyde for scanning electron microscopy (SEM) observations. The morphology of the EPCs seeded in the scaffolds and the matrix deposited within the scaffolds were examined by SEM. The other part of the scaffolds was washed with precooled PBS and fixed with 2% glutaraldehyde for 30 min at 4°C. The fixed scaffolds were then dehydrated in an alcohol gradient series. After CO 2 critical point drying treatment, the samples were sputtered with platinum and observed and photographed using SEM (JSM-6360; JEOL, Tokyo, Japan).
MTT assay for cellular proliferation. The proliferation of EPCs seeded onto the scaffold was using an MTT labeling kit (SigmaAldrich). After 1, 3, 5, or 7 days of culture, each cell/scaffold construct was washed with PBS and transferred to 24-well culture Fig. 4 . The cell morphology and viability of EPCs on the scaffold was observed by scanning electron microscopy (SEM). A: the cell morphology of EPCs of the scaffold on the loading group. B: the cell morphology of EPCs on the scaffold of the control group. SEM images (ϫ500, A) of cells on the DBM after 7 days of loading showed an evenly distributed cellular sheet formed by a higher level of proliferation of EPCs compared with the control group (ϫ500, B). High magnification of some EPCs showed cytoplasmatic extensions and intimate cell-cell contact with a cobblestone-like appearance (ϫ1,000, C). plates. The cell/scaffold constructs were then cut into small chips, and 1 ml MTT solution (0.5 mg/ml in PBS) was added to each well and incubated for 4 h at 37°C. After the MTT solution was removed, 1 ml dimethyl sulfoxide solution (Sigma) was added to each well. The chips were ground and thoroughly washed by repeatedly pipetting up and down to allow formazan (MTT metabolic product) completely released. The solutions were centrifuged at 12,000 g for 10 min. The supernatants were collected, and the absorbance at 490 nm was measured with a microplate reader (Elx808; BioTek, Winooski, VT). Each value was averaged from three parallel experiments.
Real-time PCR. Real-time PCR was performed to determine the EC-specific marker mRNA levels, for instance, Flk-1 and vWF (27, 33, 34) . After 3, 5, or 7 days of culture with or without exposure to dynamic compression, the total RNA of the cells was then extracted using Trizol reagent (Invitrogen). One microliter (0.5 g/l) of total extracted RNA with spectrophotometric (GE) OD 260/280 ratios of 1.9 -2.1 was used to synthesize cDNA with the RevertAid First-Strand cDNA Synthesis Kit (Takara, Kyoto, Japan) according to the manufacturer's instruction. Gene expression was quantitatively measured using melting curve analysis in a 7500 Real-Time PCR system (PE Applied Biosystems). The synthesized cDNA was added to 20 l reaction mixture with appropriate primers with the SYBR Green II PCR Core Reagents Kit (Takara). The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase was used as internal control. PCR conditions, the expected lengths of the PCR products, and the sequences of the primers for each gene are shown in Table 1 . Gene expression analysis was carried out using the second-derivative maximum of the amplification curve [cycle threshold (C t) value] along with the 2 Ϫ⌬⌬C t method to determine relative gene expression. Relative mRNA abundances of the genes for different groups were reported as fold change compared with control (control group or nontreated group). The reactions were run in triplicate, and the results were averaged.
In vivo experiments. Twelve Wistar rats (weight 200 -220 g) were used, and all of the animal procedures were conducted with approval by the Experimental Animal Ethics Committee of China Medical University. The animals were anesthetized by a combination of ketamine (7 mg/100 g body wt) and xylazine (0.6 mg/100 g body wt), and a 1-cm-long dorsal midline incision was made to create a subcutaneous pocket. The scaffold was inserted in the pocket, and the skin was sutured with 5-0 Vicryl (Ethicon). Seven days after culture with or without exposure to dynamic compression, each scaffold was implanted in each rat. The animals were postoperatively treated with the analgesic and antibiotics solution. At the end of 4 wk, the animals were killed, and the scaffolds were harvested, fixed in 10% paraformaldehyde overnight, and processed for histology. The number of microvessels was determined by counting luminal structures lined by vascular endothelium and partially filled with red blood cells. Next, the number of tube formation was averaged from three parallel experiments.
To analyze cell/scaffolds formation, 5-m-thick paraffin sections were cut, and general histological staining was performed with hematoxylin/eosin (H&E). To detect blood vessels, the sections were stained for endothelial marker CD31. The scaffolds were fixed in 10% paraformaldehyde and subsequently paraffin-embedded for sectioning. Sections were deparaffinized and stained with rabbit anti-rat CD31 (Santa Cruz Biotechnology) and appropriate secondary antibody, visualized with 3,3=-diaminobenzidine tetrahydrochloride, and counterstained with hematoxylin. The samples were observed on a microscope (Nikon).
Statistical analysis. The data were expressed as means Ϯ SD. Differences between sample means were analyzed by ANOVA and Bonferroni adjustment applied to the results of a t-test using SPSS 13.0 software. P Ͻ 0.05 was considered significant. 
RESULTS
Cell morphology. The morphology of the EPCs was observed under an inverted microscope. The cells isolated from bone marrow of the rats were initially round; by the 7th day, some of the cells had turned into spindle-shaped cells. Cordlike structures were observed under an inverted microscope on the 8th day. Typical endothelial morphology and cobblestone colonies appeared on the 12-14th day (Fig. 2) . In addition, positive expression of both CD34 and Flk-1 protein, the marker proteins of EPCs, was also detected in the EPCs by immunohistochemistry under an inverted microscope (Fig. 3, A and B) . Negative control slides were incubated with a secondary antibody only (Fig. 3C) . Moreover, the cells were also found to be positive for the two EPC markers CD34 and VEGFR2 (Flk-1) through flow cytometry (Fig. 3D) .
Morphological analysis by SEM. The morphology and viability of the EPCs on the scaffold were detected by SEM. The data showed that the seeded cells were evenly distributed over the scaffolds (Fig. 4A) . After 7 days of dynamic compression, the EPCs on the loading group had significantly proliferated and grown in multilayer compared with the cells of the control group. Many EPCs were attached to the scaffold of the loading group. The cells on the loading group were evenly distributed over the scaffold with a flat shape. The amount of cells in the control group was significantly less compared with the loading group, although a good attachment was observed between the EPCs and the scaffold.
Cell proliferation on the scaffolds. Differentiated EPCs on the scaffolds were visible and showed excellent metabolic activity. The cell proliferation capability was determined by the MTT assay and SEM. The proliferation of EPCs on the DBM scaffolds under dynamic compression or the nonloading condition was demonstrated by the MTT assay. In contrast to the cell viability analysis by SEM, cell proliferation was detected by MTT on the scaffolds. The growth curves for each group showed a lag phase during the second day, a log phase from the 3rd day to the 5th day, and a plateau phase thereafter. The results showed that cell proliferation in the loading group was significantly greater compared with the nonloading group and that there was a significant difference in the proliferation ability of cells between the two groups from the 3rd day to the 7th day (P Ͻ 0.05) (Fig. 5) .
Expression of Flk-1 and vWF. We used quantitative realtime PCR to determine the mRNA expression of two ECspecific genes. The real-time PCR results showed that the mRNA levels of Flk-1 and vWF were increased significantly by dynamic compression compared with the static groups during day 3 to day 7. The levels of Flk-1 and vWF in the loading group were significantly higher than that in the static group (P Ͻ 0.05) (Fig. 6) . Flow cytometric analysis showed a time-dependent increase in the expressions of Flk-1 and vWF in EPCs cultured under dynamic compression and static conditions. The results revealed that expression of these EC- specific markers in the loading group was significantly enhanced than that in unloading groups, and there was significant difference between two groups from the 4th day to the 8th day (P Ͻ 0.05) (Fig. 7) .
EPCs formed vessels in the DBM scaffolds. To investigate whether or not dynamic compression affected the tube formation ability of the EPCs, the EPCs under loading conditions and the nonloading condition were detected by CM-DIL staining. Compared with the cells under the nonloading condition, the cells under the loading condition were evenly distributed with a high density. Many more capillary-like tubes were observed in the cells cultured under the dynamic condition than the cells cultured under static conditions. Statistical analysis also showed a significant increase in the number of capillary-like tubes between the two groups from the 3rd day to the 7th day (P Ͻ 0.05) (Figs. 8 and 9) .
In vivo experiments. We used H&E staining and immunohistochemistry for visualization of cells and tissue structure. Four weeks after implantation, H&E staining results showed that the EPCs seeded in the scaffolds widely distributed capillaries. We could observe that the EPCs in the loading group were evenly distributed with higher density and many more capillary-like tubes compared with the static group (Fig. 10) . CD31-positive cells developed an irregular round or tubular morphology, indicating monolayer lining the walls of newly formed blood vessels (Fig. 11) . Furthermore, compared with the cells under the nonloading condition, the cells under the loading condition were evenly CD31 positive with a higher density. These microvessels were observed throughout the graft on all sections. The histological results demonstrated that dynamic compression could promote the vessel tube formation of EPCs in DBM scaffold in vivo experiments. Statistical analysis (Fig. 12) also showed a significant increase in the number of capillary-like tubes between the two groups (P Ͻ 0.05).
DISCUSSION
The results of the present study showed that, both in vitro and in vivo, dynamic compression can promote the vessel tube formation of EPCs in DBM scaffolds. Although EPCs have been studied in response to shear stress (35), whether or not dynamic compressive stress can influence the proliferation, differentiation, and tube formation of EPCs is still unclear. Our results showed that dynamic compression can significantly promote the proliferation and tube formation of EPCs. We used the orthopedic BioDynamic chamber from the Bose Electroforce systems group in bone tissue engineering and neovascularization studies for the first time. Our results suggested that dynamic compression can stimulate the proliferation and tube formation of the cells seeded onto the DBM scaffolds.
The results of several studies suggested that EPCs can offer new possibilities for achieving effective vascularization of ischemic or injured tissue or for tissue engineering applications (4, 28, 31) . Functional small-diameter neovessels using EPCs expanded ex vivo are important in both bone-defect treatment and in therapies for ischemic diseases (19) . Sittichockechaiwut et al. (30) found that the matrix production of cells seeded in three-dimensional (3D) scaffolds can be modulated just by mechanical loading. For the first time, as far as we know our findings confirmed the fact that dynamic compression can promote the proliferation and formation of tubular capillarylike structures of EPCs. In this study, EPCs changed morphologically and functionally in response to cyclic stress. These results also indicated that dynamic compression could be an effective factor inducing EPCs to form neovascular networks.
Since Asahara (4) discovered that EPCs are immature cells that can be differentiated into mature ECs, the pathophysiological roles and the therapeutic applications of the EPCs have been intensively investigated by experimental and clinical studies. EPCs were initially isolated from enriched CD34 antigen-positive (CD34ϩ) cells, and CD34 and other marker proteins of EPCs such as vWF and Flk-1 were subsequently suggested to be additional tools for further purifying EPCs (25) (26) (27) . Several studies showed that short-term stress applied to stem cells seeded onto scaffolds induced the upregulation of characteristic markers at the mRNA level. Our results showed that Flk-1 and vWF expression in EPCs was markedly increased by dynamic compression compared with the cells in static culture during day 3 to day 7. These findings indicate the enhanced responsiveness of EPCs to endogenous VEGF when exposed to cycle stress. In other words, these cells might exhibit a greater level of participation in ongoing angiogenesis and vascularization.
For the purpose of tissue engineering, different groups have cultured all kinds of cells under dynamic conditions using either shear stress or rotating wall vessel bioreactors (24, 35) . Among these studies, shear stress on the one hand was found to increase the percentage of EPCs in the S, G2, and M phases of the cell cycle; on the other hand, cycle stress consistently showed the upregulation of mineralized matrix deposition compared with the static culture. However, it is not just cells that play an important role in the biological process; the movement of media through the porous scaffold is just as important as the EPCs (16). Our results showed that the cells can respond to dynamic compression when stimulated by directly sensing an indirect strain on the substrate caused by media movement through the porous scaffold, which resulted in an upregulation of survival and related genes. In this study, as far as we know, we placed DBM with EPCs under dynamic conditions for the first time. The DBM is an attractive alternative to standard allograft bones. The current use of DBM is based on its purported osteoinductive ability. Because DBM possess many sites for the attachment of osteogenic cells, it is a potentially excellent carrier for stem cells. We applied a maximum strain of 5% to our scaffolds at a frequency of 1 Hz; this is the frequency most commonly used in bone cell mechanotransduction studies, since it replicates walking pace. Other studies showed that cells seeded in the scaffolds bearing a strain of 5% was optimal for intramembranous bone formation in fracture healing (30) . Meanwhile, our results indicate that cyclic compression significantly increases the proliferation of EPCs seeded on the DBM scaffolds, resulting in the upregulation of characteristic markers at the mRNA level and significantly promoting newborn tissues for tube formation.
In summary, our experimental approach enabled us to clarify that dynamic compression (5% strain, frequency 1 Hz) significantly induced the proliferation and neovascularization of networks of EPCs in 3D culture with an even distribution of cells onto DBM scaffolds. Moreover, these results may have some clinical relevance. The extraordinary contribution of scaffolds with EPCs in fracture healing during the repair process of a large bone defect could present new therapeutic opportunities for future trauma and other patients. Dynamic compression in combination with EPCs seeded on the scaffolds made from in vitro-and in vivo-formed tissue-engineered microvascular networks has excellent angiogenesis and neovascularization properties.
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